An organic extract from surface soil collected at a park in Nagoya, Aichi prefecture, which showed extremely high mutagenicity in Salmonella typhimurium TA98 in the absence of a mammalian metabolic system (S9 mix), was investigated to identify the major mutagens. A potent bacterial mutagen was isolated from the organic extract (1.03 g) of the soil sample (2.1 kg) by column chromatography. On the basis of mass spectra, the mutagen, which accounted for 8.8% of the mutagenicity of the soil extract, was thought to be a trinitrated polycyclic aromatic hydrocarbon with a molecular weight of m/z 337. The mutagen was synthesized from pyrene by nitration with nitric acid and was identiˆed as 1,3,6-trinitropyrene (1,3,6-TNP) based on its 1 H NMR spectrum. The mutagenicity of 1,3,6-TNP in an Ames assay using S. typhimurium was extremely high, in that it induced 65,500 revertants/nmol in TA98, without S9 mix. This level of activity was slightly lower than that of 1,6-dinitropyrene (DNP), 129,800 revertants/nmol, or 1,8-DNP, 217,000 revertants/nmol, but was greater than that of 1,3-DNP, 4,260 revertants/nmol. These results indicate that 1,3,6-TNP was one of the major mutagens in surface soil collected at a park in Nagoya city, and this is theˆrst report on the detection of 1,3,6-TNP in surface soil.
Introduction
In many developed and developing countries, air pollution has been a critical issue for decades. Numerous mutagenic and carcinogenic chemicals have been emitted into ambient air from municipal incinerators (1), motor vehicles (2,3), industrial power plants (4) , and so on. Furthermore, many chemicals, such as a class of nitroarenes, have been shown to be found in the atmosphere (5, 6) . Air pollutants eventually descend to the ground and accumulate in the surface soil. Indeed, there are many reports that the organic extracts of soil samples collected from forests (7), roadsides (7) (8) (9) (10) (11) (12) , parks (8, 13) , agricultural lands (7, 14, 15) , and residential sites in urban districts and industrial areas (8, 9, 13, 16, 17) exhibit mutagenic and DNA-damaging activity.
Previously, surface soil samples collected fromˆve geographically diŠerent regions of Japan, i.e., the Hokkaido, Kanto, Chubu, Kinki, and Kyushu regions, found to be polluted with mutagens using the Ames assay (8) . The level of contamination was especially high in Osaka prefecture in the Kinki region, and the mutagenicity of the soil sample toward S. typhimurium TA98 without a mammalian metabolic activation system (S9 mix) was signiˆcantly correlated with the amounts of 1,3-, 1,6-, and 1,8-dinitropyrene (DNP) isomers (13) . 3-Nitrobenzaanthrone (NBA) and 3,6-dinitrobenzo[e]pyrene (DNBeP) were also detected in soil samples from Osaka prefecture (13, 18) .
It was reported that the surface soil in urban areas in Nagoya city, Aichi prefecture is often contaminated with mutagens (19) . Nagoya is the heart of the Chubu industrial region and Japan's fourth largest city, with a population of about 2.2 million. Many large factories and thermal power plants are located in the southern part of Nagoya. The highest level of contamination with mutagens toward S. typhimurium TA98 and TA100 was detected in a sample collected at a park in Minami-ku located in the southern part of the city (19) . Several mutagens have been detected in the surface soil samples, including DNBeP (18) . A comprehensive investigation of the mutagenic compounds in the surface soil of this park in Nagoya has not been performed, and the major mutagens remain unclear. In this study, we attempted to identify major mutagens in soil samples. Instrumentation: The HPLC apparatus used was a JASCO LCSS-900 HPLC system station equipped with dual model PU-980 pumps and a model UV-970 UV/VIS detector. Electron impact mass spectra (EI-MS) were measured at 70 eV using a Shimadzu QP5050A mass spectrometer with a direct inlet system. 1 H NMR spectra were recorded for solutions in CDCl3 with an Oxford NMR AS400 spectrophotometer operated at 400 MHz, and chemical shifts were recorded in parts per million using tetramethylsilane as an internal standard.
Materials and Methods

Chemicals
Collection of surface soil and preparation of organic extracts: The collection of the surface soil sample and preparation of organic extracts were performed as described previously (18, 20) . The sample was collected at a park in a residential area located on Motoshio-cho, Minami-ku, Nagoya, Aichi prefecture. The soil was dried at room temperature and screened through a 60 mesh sieve. The sieved soil was extracted with acetone using a Soxhlet apparatus for 24 h. The extract waŝ ltered and evaporated dry. The residue was used for the mutagenicity assay and the isolation of mutagens.
Isolation of mutagens from soil extracts: Isolation procedures were performed as described previously (18) . The Soxhlet extract was applied to a Sephadex LH-20 column (27 mm×450 mm). The materials were eluted with chloroform/methanol (1:1, v/v) as a mobile phase, and 15-mL fractions were collected. Fractions containing mutagens, which were eluted at volumes of 160-230 mL, were combined and evaporated. The residue was applied to an Ultra pack SI-40A silica gel column (40 mm particle size, 11 mm×300 mm, Yamazen Corp., Osaka, Japan) for low-pressure liquid chromatography (LPLC) with 150 mL of n-hexane, n-hexane/toluene (9:1, v/v), n-hexane/toluene (2:1, v/v), n-hexane/toluene (1:1, v/v), toluene, chloroform, and chloroform/methanol (7:3, v/v) as the mobile phase at a ‰ow rate of 3 mL/min, and 15 mL of each fraction was collected. Fractions at elution volumes of 330-570 mL were combined and evaporated. The residue was applied to an Ultral pack ODS column (50 mm particle size, 11 mm×300 mm, Yamazen Corp., Osaka, Japan) for LPLC and then eluted with 270 mL of 85z acetonitrile and 180 mL of acetonitrile. Threemilliliter aliquots of elute were collected. Fractions at elution volumes of 37-60, 61-87, and 151-177 mL were separately combined and evaporated dry.
The fraction with elution volumes of 37-60 mL from the Ultra Pack ODS column was dissolved in acetonitrile and applied to a YMC-Pack ODS-AM column (5 mm particle size, 10 mm×300 mm, YMC, Kyoto, Japan) for HPLC and then eluted with the following gradient system of acetonitrile in 0.01z TFA in distilled water: 0-40 min, 60z; 40-70 min, a linear gradient of 60-100z; 70-120, 100z, at a ‰ow rate of 3 mL/min. Three-milliliter aliquots were collected. Fractions with retention times of 38-44 min were combined and evaporated. The residue of the combined fraction, dissolved in methanol, was applied to a COSMOSIL 5C 18 -AR-II column (5 mm particle size, 10 mm×250 mm, Nacalai Tesque Inc., Kyoto, Japan) for HPLC and then eluted with the following gradient system of methanol in 0.01z TFA in distilled water: 0-30 min, a linear gradient of 80-100z; 30-60 min, 100z, at a ‰ow rate of 3 mL/min. The major peak was collected and evaporated. The residue dissolved in methanol was applied to a COSMOSIL 5C18-MS-II column (5 mm particle size, 4.6 mm×250 mm, Nacalai Tesque Inc., Kyoto, Japan) for HPLC and then eluted with 70z methanol at a ‰ow rate of 1 mL/min.
All HPLC procedures were carried out at room temperature, and eluates were monitored for absorbance at 250 nm. An aliquot of each fraction was used for a mutagenicity assay.
Synthesis of 1,3,6-TNP: Nitric acid (2 mL, 70 percent) was added dropwise to 10 mg of pyrene in the absence of solvent. After being stirred for overnight at 609 C, the reaction mixture was poured into distilled water, and the insoluble material obtained byˆltration was washed with water and ice-cold methanol. The insoluble material was dissolved in 6 mL of acetonitrile, and then subjected to LPLC with an Ultra pack ODS column (11 mm×300 mm) eluted with 80z acetnitrile. Fractions at elution volumes of 48-54 mL were combined and evaporated. This fraction was further puriˆed by HPLC on a COSMOSIL 5C18-AR-II column (10 mm ×250 mm) eluted with 85z methanol. UV/VIS absorption maxima (in 60z acetonitrile) were observed at 229, 289, and 413 nm. The 1 H NMR spectrum in CDCl3 was consistent with data on 1,3,6-TNP reported previously (21) .
Mutation assay: The mutation assay was carried out by the preincubation method using S. typhimurium TA98 (22) , TA98/1,8DNP6 (23), TA98NR (24), YG1021 (25) , YG1024 (26) and YG1041 (27) . All of the tester strains were kindly provided by Dr. T. Nohmi, National Institute of Health Sciences, Tokyo, Japan. All of the samples were dissolved in dimethyl sulfoxide. The mutagenicity of sample was calculated from linear portions of dose-response curves, which were obtained withˆve doses. The slope of the dose-response curve was adapted as the mutagenicity. When a sample induced dose-dependently 2-fold increases over the average yield of spontaneous revertants, it was judged to be positive. The percent contribution of 1,3,6-trinitropyrene to the total mutagenicity of the organic extracts from soil samples was calculated based on the mutagenic activities of 1,3,6-TNP and the soil extract.
Results
Detection and isolation of mutagens in surface soil in Nagoya: A surface soil sample was collected at a park in a residential area in Nagoya, Aichi Prefecture (Fig. 1) . The organic material (1.03 g) was extracted from 2.1 kg of the soil sample with a Soxhlet apparatus. The organic extract showed extremely high mutagenicity in S. typhimurium TA98 in the absence of S9 mix and induced 41,100 revertants/mg of organic extract.
To identify the major mutagens in the soil, the soil extracts were fractionated by various rounds of column chromatography with monitoring of the mutagenicity of the fractions in TA98 without S9mix. First, the soil extract was separated by column chromatography using Sephadex LH-20 resin. The fraction with elution volumes of 160-230 mL accounted for 90z of the mutagenicity of the organic extract. This mutagenic fraction was applied to a silica gel column for LPLC. Mutagenicity was detected in several fractions, but most potently in the fraction with elution volumes of 330-570 mL, which accounted for 62z of total mutagenicity. This fraction was further separated by LPLC on an Ultra pack ODS column. The LPLC proˆle of soil mutagens on the Ultra pack ODS column is shown in Fig. 2 . The fraction with elution volumes of 61-87 mL showed the most potent mutagenic activity, followed by the fraction 37-60 mL. In the major mutagenic fraction with elution volumes of 61-87 mL, which accounted for 34.7z of the mutagenicity of the soil extract, DNP isomers and other unknown mutagens were present (data not shown).
The mutagenic fraction with elution volumes of 37-60 mL, which accounted for 13.7z of the mutagenicity of Fig. 2 . LPLC proˆle of mutagens in the soil sample from Nagoya. LPLC was performed on an Ultra pack ODS column. The mutagenicity of each 3-mL fraction was tested in S. tyhimurium TA98 without S9 mix. Fig. 3 . HPLC proˆle (A) and the UV absorption spectrum (B) of the mutagen isolated from the surface soil in Nagoya. HPLC was performed on a COSMOSIL, eluting with a ‰ow rate of 1 mL/min. The UV absorption spectrum indicated by the arrow in the HPLC proˆle (A) was measured with a model UV-970 UV/VIS detector.
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Identiˆcation of a Novel Mutagen in Surface Soil the soil extract, was separated by HPLC on a YMC pack ODS AM column. Potent mutagenicity was observed in the fraction with retention times of 38-44 min. This mutagenic fraction was further puriˆed by HPLC on a COSMOSIL 5C18-AR-II column. A single UV-absorption peak was detected in the fraction with retention times of 17-18 min, which accounted for 8.8z of the mutagenicity of the soil extract. To conˆrm the purity of this mutagenic fraction, an aliquot was analyzed by HPLC on a COSMOSIL 5C18-MS-II column. As shown in Fig. 3A , a single UV absorption peak was observed at a retention time of 45 min.
Structural analysis of the mutagen: The UV absorption spectrum of the mutagen isolated from soil collected at Nagoya is shown in Fig. 3B . Absorption maxima were observed at 229, 289 and 413 nm. A molecular ion peak of this mutagen was observed at m/z 337 [M] ＋ , and the mass spectra exhibited the fragmentation pattern of a trinitrated PAH, such as 245 [M-2× NO2] and 199 [M-3×NO2] ＋ (Fig. 4) . These results indicate that the mutagen is a trinitrated form and its nonnitrated form has a molecular weight of m/z 202. Among PHAs whose molecular weight is 202, pyrene and its nitrated derivatives have been detected in large quantity in ambient air and surface soil. To determine the chemical structure of this mutagen, authentic TNP was synthesized and its chemical features were compared to those of the mutagen isolated from the soil sample. 1,3,6-TNP had the same mass spectrum, UV absorption spectrum, and retention time on COSMOSIL 5C18-AR-II column as the isolated mutagen. On the basis of these results, the chemical structure of the mutagen isolated from soil in Nagoya was determined to be 1,3,6-TNP (Fig. 5) .
Mutagenicity of 1,3,6-TNP: The mutagenicity of 1,3,6-TNP was examined by using S. typhimurium TA98, the O-acetyltransferase-deˆcient strain TA98/ 1,8-DNP6 (23), the`classical' nitroreductase-deˆcient strain TA98NR (24) , the O-acetyltransferase-overproducing strain YG1024 (26), the nitroreductase-over- Fig. 4 . Electron impact mass spectrum of a mutagen isolated from surface soil in Nagoya. producing strain YG1021 (25) and the O-acetyltransferase and nitroreductase-overproducing strain YG1041 (27) , without S9 mix. Table 1 summarizes the mutagenicity of 1,3,6-TNP. The mutgenic potency of 1,3,6-TNP in the Ames assay using S. typhimurium was extremely high, in that 65,500 revertants/nmol were induced in TA98 without S9 mix. This activity was slightly weaker than that of the 1,6-or 1,8-DNP isomer, which induced 129,800 and 217,000 revertants/nmol, respectively, in TA98. The mutagenicity of 1,3,6-TNP was extremely high in YG1024 and YG1041, which are O-acetyltransferase-overproducing strains. The mutagenic activity in YG1024 and YG1041 was about 6.5-fold and 10.9-fold that in TA98, respectively. On the other hand, a deˆciency of neither O-acetyltransferase nor`classical' nitroreductase activity aŠected the mutagenicity of 1,3,6-TNP. These results suggest that not only Oacetyltransferase but also other types of acetyltrasferase are required for the mutagenicity of 1,3,6-TNP.
Discussion
The organic extract from surface soil collected at a park in Nagoya in Aichi prefecture showed extremely high mutagenicity without S9 mix. It was previously reported that levels of mutagenic activity of surface soils in Japan toward S. typhimurium TA98 without S9 mix were signiˆcantly correlated with the amount of 1,3-, 1,6-, and 1,8-DNP isomers (8) . In addition to these 3 DNP isomers, 3,6-DNBeP, which is a novel environmental mutagen, has been detected in all soil samples examined so far (18) . In the soil sample presented in this study, 1,3-, 1,6-, and 1,8-DNP isomers were also detected, accounting for 3.1, 7.4, and 10.4z of the mutagenicity of the extract (data not shown). Furthermore, a small amount (less than 2z of total mutagenicity) of 3,6-DNBeP was also detected (data not shown). DNPs and 3,6-DNBeP were contained in Fr. 61-87 mL and Fr. 151-177 mL, respectively. However, a large amount of mutagen was contained in fraction 37-60 mL, which accounted for 13.7z of the mutagenicity of the soil extract. No representative mutagenic nitro-PHA listed previously (19) corresponded to this major mutagenic fraction. 1,3,6-TNP was identiˆed as a major mutagen in this fraction.
Although it is reported that 1,3,6-TNP as well as 1,3-, 1,6-, and 1,8-DNP are present in carbon black and toner colorants as impurities (28) , there has been no previous report on the detection of 1,3,6-TNP in surface soil. 1,3,6-TNP is thought to be produced by nitration from pyrene through either 1,3-, 1,6-, or 1,8-DNP. Nitrated PHAs are produced by the incomplete combustion of organic compounds such as fossil fuels and are emitted into the ambient air (6, 29) . In addition, some nitroarenes have been shown to be formed by photochemical reactions of parent PAHs and nitrogen oxides in atmospheric conditions (5, 6, 30) . Under these nitration conditions, mononitro-and dinitropyrene isomers are usually produced. It is necessary to clarify the mechanism for the formation of 1,3,6-DNP. The biological properties of 1,3,6-TNP are slightly diŠerent from those of DNP isomers. 1,3-, 1,6-and 1,8-DNP isomers are much less active toward TA98/ 1,8-DNP6 which is an O-acetyltransferase-deˆcient strain, and more active toward YG1024, an O-acetyltransferase-overproducing strain, than they are toward the parent strain TA98. However, the mutagenic activity of 1,3,6-TNP toward both TA98/1,8-DNP6 and YG1024 was similar to that toward TA98. These results suggest that O-acetyltransferase is not responsible for the mutagenicity of 1,3,6-TNP. Because 1,3,6-TNP shows extremely high level of mutagenic activity toward not only bacteria but also mammalian cells (31) , other biological activities of 1,3,6-TNP, including carcinogenicity, should be elucidated.
